Ribosome biogenesis is critical in the growth of eukaryotic cells, in which the synthesis of precursor ribosomal RNA is the first and rate-limiting step. Here, we show that human PIH1 domain-containing protein 1 (PIH1) interacts directly with histone H4 and recruits the Brg1-SWI/SNF complex via SNF5 to human rRNA genes. This process is likely involved in PIH1-dependent DNase I-hypersensitive chromatin remodeling at the core promoter of the rRNA genes. PIH1 mediates the occupancy of not only the Brg1 complex but also the Pol I complex at the core promoter and enhances transcription initiation of rRNA genes. Additionally, the interaction between PIH1 and H4K16 expels TIP5, a component of the silencing nucleolar remodeling complex (NoRC), from the core region, suggesting that PIH1 is involved in the derepression of NoRC-silenced rRNA genes. These data indicate that PIH1 is a positive regulator of human rRNA genes and is of great importance for the recovery of human cells from nutrient starvation and the transition to glucose-induced exponential growth in vivo.
Ribosome biogenesis is critical for the growth and proliferation of eukaryotic cells. Transcription of precursor ribosomal RNAs (pre-rRNAs) from activated rRNA genes is the first and ratelimiting step of ribosome biogenesis (McStay and Grummt, 2008) . RNA polymerase I-directed rRNA gene transcription is tightly regulated by metabolic or environmental changes (Grummt and Pikaard, 2003; Moss et al., 2007) . In mammalian cells, the regulation of rRNA levels can be adjusted either by the copy number of the actively transcribed rRNA genes or by the transcription rate of the active genes in cells (McStay and Grummt, 2008) .
The proximal promoter of rRNA genes includes a proximal core region, an upstream control element (UCE), and a transcription termination factor TTF-I-binding element (T 0 ) that is further upstream and proximal to the UCE (Reeder, 1999) . TTF-I, the UCE-binding factor UBF, and the SL1 complex have been studied extensively since the 1980s (Henderson and Sollner-Webb, 1986; Learned et al., 1986) and cited in later reviews (Russell and Zomerdijk, 2005; McStay and Grummt, 2008; Drygin et al., 2010) . The core promoter is essential for the accurate transcription initiation of pre-rRNA from the external transcription sequences (ETS) and the UCE is involved in the orientation of the element and in the adjustment of the number of active genes (Russell and Zomerdijk, 2005; Sanij et al., 2008) .
The nucleolus chromatin-remodeling complex (NoRC), which silences rRNA genes (Strohner et al., 2001) , is composed of two subunits: the larger subunit, TIP5 (TTF-I-interacting protein 5), recognizes acetylated lysine 16 residues in histone H4 tails (H4K16ac) and SNF2h, an ATPase subunit of the ISWI chromatinremodeling complex family (Strohner et al., 2004) . The functions of NoRC on heterochromatin formation and rRNA silencing requires the association of TIP5 with a promoter-associated RNA, which is transcribed from the intergenic sequences of rRNA genes by RNA Pol I and mediates DNA methylation at the proximal promoter of rRNA genes. (Mayer et al., 2006; Schmitz et al., 2010; Witzany, 2011) . Although the SWI/SNF chromatin-remodeling complex has been suggested to be involved in the regulation of rRNA genes (Langst et al., 1997) , the chromatin-remodeling mechanisms involved in the activation of rRNA genes remain unclear.
We previously cloned a 290-amino acid hypothetical human protein in a yeast two-hybrid system with SNF5 as bait (Zhang et al., 2004) . This protein was later identified as the human ortholog of the yeast nucleolar protein NOP17 (Pih1; Zhao et al., 2005) and was designated PIH1 domain-containing protein 1 (PIH1D1; Gonzales et al., 2005; Zhao et al., 2008) , abbreviated here as PIH1. Recent reports indicate that PIH1 is a conserved subunit of the R2TP complex in yeast (Zhao et al., 2005) and in humans (Jeronimo et al., 2007) and that both orthologs participate in the assembly of snoRNP (Boulon et al., 2008; Zhao et al., 2008) and RNA polymerase II complexes (Kakihara and Houry, 2012) . However, because the amino acid identity between yeast PIH1 and its putative human ortholog is low (,30%; Gonzales et al., 2005) , it is necessary to explore further how PIH1 functions in human cells.
In this study, we demonstrate that PIH1 not only interacts directly with SNF5, a core subunit of ATP-dependent SWI/SNF chromatin-remodeling complexes (Kalpana et al., 1994; Wang et al., 1996) , but also binds specifically to the N-terminal tail of histone H4. The H4-binding and SNF5-Brg1-recruiting activities of PIH1 determine chromatin remodeling at the core promoter of rRNA genes and mediate Pol I-initiated pre-rRNA transcription. This also occurs under conditions of increased glucose concentration, when PIH1 relieves the cells from silencing by NoRC via competing away the TIP5 subunit, a specific factor that recognizes acetylated K16 residue of H4 (Zhou and Grummt, 2005; Santoro et al., 2009; Zhou et al., 2009) . This is the first illustration of the critical roles of PIH1 in enhancing pre-rRNA synthesis in human cells.
Results
Interactions between PIH1 and SNF5 facilitate pre-rRNA synthesis Human SNF5 was first identified as an interacting protein of the ATPase subunits hBrm and Brg1 of the SWI/SNF chromatinremodeling complex (Kalpana et al., 1994; Muchardt et al., 1995; Wang et al., 1996) . We have previously demonstrated that SNF5 interacts with human PIH1 in a yeast two-hybrid system. Here, we determined the domain specifically responsible for the interaction between the two proteins. Six truncation mutants of PIH1 (P2-P7, Figure 1A ) and four subcloned variants of SNF5 (S2-S5, Figure 1C ) were constructed. Among them, only PIH1-P5 and PIH1-P6, which contained both the N-terminal residues 1-56 and the C-terminal residues 212 -290 of PIH1, were efficient at SNF5 binding ( Figure 1B) . In contrast, only residues 317 -330, in the C-terminal domain, of SNF5 (S4 vs S5, Figure 1D ) were indispensable for its interaction with PIH1.
Pre-rRNA levels were determined by RT-qPCR assay. Results showed that while wild-type PIH1 (P1) induced a 2.5-fold higher level of pre-rRNA synthesis, N-terminally truncated P4 was unable to induce rRNA synthesis ( Figure 1E) . Similarly, wild-type SNF5 enhanced pre-rRNA synthesis; truncated SNF5 (S5) was unable to bind PIH1 and showed no effect on pre-rRNA levels ( Figure 1F ). These results suggest that the role of SNF5 in pre-rRNA synthesis is PIH1 dependent.
Comparable to the role of PIH1 on pre-rRNA levels, those in vivo labeled transcripts, which were initiated from 5 ′ ETS of pre-rRNA genes, were enhanced by over-expression of PIH1 in nuclear run-on transcription analysis ( Figure 1G , left panel). Radioactivity measurements confirmed a 2.5-fold higher efficiency in the initiation of pre-rRNA genes in PIH1-transfected cells (right panel). Furthermore, the knockdown of either PIH1 or SNF5 markedly minimized pre-rRNA levels, indicating that both proteins are indispensable for rRNA biogenesis ( Figure 1H ). Intrinsic PIH1 is indispensable for DNase I-dependent chromatin remodeling at the core promoter of rRNA genes We further applied DNase I-sensitivity analysis to examine the functional targeting region of PIH1 in rRNA genes. To quantify DNase I-sensitivity more accurately, we calculated the resistance to DNase I on a percentage scale with the absence of DNase I set to 100%. Upstream promoter of T 0 and UCE (UCE), and core promoter (Core) of rRNA genes were both sensitive to DNase I, but neither the 28S region nor its downstream intergenic spacer sequences (IGSs). Although both of the UCE and core promoter were DNase I sensitive (Figure 2A) , PIH1 knockdown only markedly reduced DNase I sensitivity at the core promoter, but not at the UCE promoter, particularly when the samples were treated with 10-20 U/ml of DNase I.
We next examined the occupancy of PIH1 and SNF5 at the core region using ChIP assays, which showed that in the presence of PIH1, both PIH1 and SNF5 efficiently occupied the core region. However, without the N-terminal 64 residues (P4), PIH1 targeting at the core was mostly eliminated, and that of SNF5 was markedly reduced ( Figure 2B) . A similar reduction in occupancy at the core region was shown by the transfection of a SNF5 construct lacking the C-terminal PIH1 interaction region (S5), compared with wildtype S1 ( Figure 2C ). In contrast, PIH1 occupancy was not affected by SNF5, suggesting that PIH1 is a key factor that regulates rRNA genes via the core promoter and mediates the efficient targeting of SNF5 to the region.
ChIP data further revealed a higher level of active marks and a lower level of repressive H3K9 marks at the core promoter, comparable to the results of DNase I-sensitivity assays, suggesting chromatin remodeling at the core promoter of rRNA genes. Knockdown of either PIH1 or SNF5 resulted in a reversion of the acetylation and methylation of H3K9 (top and bottom panels, Figure 2D ). The acetylation of H4 at K5, K8, and K12 was reduced in PIH1 ( Figure 2E ) or SNF5 ( Figure 2F ) knocked-down cells. Strikingly, only PIH1 knockdown increased the acetylation of K16 over 2-fold ( Figure 2E , right filled bars), whereas siSNF5 was not functional for K16ac ( Figure 2F ).
ChIP assays demonstrated that PIH1 governed the presence of SNF5 and Brg1 (but not vice versa) and that SNF5 was required for Brg1 recruitment to the core promoter ( Figure 2G and H). Moreover, a low level of TIP5, a component of the silencing NoRC complex (Zhou and Grummt, 2005; Santoro et al., 2009; Zhou et al., 2009) , was identified at the core promoter of rRNA genes, and siPIH1 (but not siSNF5) enhanced the accumulation of TIP5, suggesting that occupancy of the core promoter by PIH1 and TIP5 may be mutually exclusive ( Figure 2G ). Brg1 knockdown did not affect the presence of any other factors ( Figure 2H ), indicating that it is an end target recruited by PIH1. PIH1 interacts with histone H4 to govern the enhancement of pre-rRNA synthesis Histone H4 was shown in a complex with PIH1 by tandem affinity purification and MS/HPLC analysis (Supplementary Figure S1) . Comparing the wild-type (P1) with PIH1 mutants (P2-P7, Figure 1A ), all of the constructs except P4 and P7 bound to H4 ( Figure 3A) , suggesting that the N-terminal residues 1 -64 of PIH1 are critical for the PIH1/H4 interaction. The interaction of endogenous PIH1 with both H4 and SNF5 were clearly shown ( Figure 3B , left panel), and SNF5 only interacts with PIH1 and Brg1 but not with H4 ( Figure 3B , right panel).
To identify specific residues of H4 that are important for PIH1 targeting, a recombinant FLAG-tagged wild-type H4 and H4 bearing K/A mutations were purified and pulled-down with endogenous PIH1 in the whole cell extract in vitro ( Figure 3C ), and constructs with FLAG-tagged K/R mutations were transfected into HEK293T cells for co-immunoprecipitation with the M2-FLAG antibody ( Figure 3D ). While the K16A and K16R mutants of H4 were both inefficient at PIH1 binding compared with wild-type H4, binding of the K8A and K8R mutants was only slightly impaired ( Figure 3C and D) . These data indicate that H4K16 is the major target of PIH1 binding.
In a peptide pull-down assay, biotinylated peptides corresponding to the N-terminal 23 residues of H4 acetylated at either K16 (H4K16ac) or K12 (H4K12ac) were examined. Only the H4K16ac peptide was unable to bind PIH1 ( Figure 3E , top row). In contrast, FLAG-TIP5 (aa 2065-2162), an H4K16ac-binding subunit of NoRC, bound K16ac as a positive control (second row). Next, TIP5 was pre-incubated with the biotin-H4K16ac peptide followed by the addition of GST-PIH1 as indicated. A reduced level of TIP5 ( Figure 3F , second row) was observed with increasing levels of PIH1 ( Figure 3F , top row). These data reveal that PIH1 preferentially binds non-acetylated H4; however, PIH1 may compete with TIP5 non-specifically and bind H4K16ac.
To determine the specificity of PIH1 for H4, we compared the . Myc-SNF5 fragments expressed by S1-S5 constructs were IP with FLAG-specific antibodies (for PIH1). IB with anti-Myc (for SNF5). SNF5 expression was shown as Input. (E) The N-terminal domain of PIH1 is indispensable for augmenting pre-rRNA levels. Transfectants are empty vector (Mock), WT-PIH1 (P1), and N-terminally truncated (P4) constructs. Pre-rRNA levels were detected by RT-qPCR analysis with GAPDH RNA as a control and relative to Mock, which was set to 1.0. Each bar represents three independent experiments shown as mean + SD. (F) The C-terminal domain of SNF5 is required for augmenting pre-rRNA levels. Transfectants are empty vector (Mock), WT-SNF5 (S1), and S5 (317 -385 truncation). Pre-rRNA detection and annotations are as described for E. (G) PIH1 enhanced the initiation of pre-rRNA transcription as detected by nuclear run-on analysis. DNA fragments of 240 bp were amplified from the 5 ′ ETS and 18S, 28S, and actin genes and were denatured and loaded into the indicated slots for hybridization with a 32 P-UTP-labeled 'run-on' transcripts from the respective nuclei of cells transfected with either PIH1(+) or empty vector(2). 18S, 28S (Pol I RNA control), and actin was served as Pol II RNAs controls (left panel). Each slot on the hybridized membrane was subjected to scintillation counting as described in Materials and methods and shown as relative initiation of transcription (RIT; right panel). (H) Effect of PIH1 or SNF5 knockdown on pre-rRNA synthesis. Transfectants were siRNA vector control (Mock) and siSNF5 and siPIH1 constructs. Relative levels of the endogenous pre-rRNA were set to 1.0. Annotations are as described in E.
Figure 2 PIH1 targets the core promoter to regulate rRNA genes. (A) DNase I-sensitivity analysis of rRNA genes. Cells were aliquoted and transfected with either an siRNA vector control (Mock) or the siPIH1 construct. The treatment of nuclei and the qPCR primers for UCE, Core, 28S, and IGS are described in the section Materials and methods. For quantification of DNase I-sensitivity, the resistance to DNase I on a percentage scale was adopted with 0 units of DNase I set to 100%. Annotations are as described for Figure 1E. (B) PIH1 is required for efficient occupancy of SNF5 at the core promoter of rRNA genes. Transfectants are vector control (Mock), WT-PIH1 (P1), and N-truncated-PIH1 (P4). ChIP assays with anti-FLAG (PIH1) and anti-SNF5 antibodies. Anti-IgG was used as control. (C) SNF5 had no effect on the occupancy of PIH1 at the core promoter of rRNA genes. Transfectants were vector control (Mock), WT-SNF5 (S1), and S5 (317 -385 truncated). Anti-Myc antibodies (for Myc-SNF5) and anti-PIH1 antibodies were used in ChIP assays. (D) Effects of siPIH1 and siSNF5 on the occupancy of histone H3 marks at the core promoter. Transfectants were empty vector (pBabe), the siPIH1 construct (top panel), and the siSNF5 construct (bottom panel). ChIP analysis was performed with IgG (open bars) and specific antibodies as indicated in the figure. (E and F) Effects of siPIH1 (E) and siSNF5 (F) on the occupancy of acetylated K5, K8, K12, and K16 of H4 at the core promoter. ChIP assays were performed and described as in D. (G) Effects of siSNF5 and siPIH1 on the occupancy of SNF5, PIH1, hBrm, Brg1, and TIP5 at the core promoter of rRNA genes. Transfectants were pBabe (vector), siPIH1, or siSNF5. ChIP analysis was performed with antibodies against SNF5, PIH1, hBrm, and Brg1, with anti-TIP5 as a control. (H) Effect of siBrg1 on the occupancy of SNF5, PIH1, hBrm, Brg1, and TIP5. ChIP assays were as described as in G. All annotations for the histogram in this figure are as described for Figure 1E. sequences of PHI1 orthologs using UniProt (http://www.uniprot. org/) and found that two successive amino acids in the N-terminus of PIH1, F54, and C55, are highly conserved (Supplementary Figure S2) . H4 (aa 1-23) pull-down assays demonstrated that mutation of F54A, but not of C55A, in either the N-terminus (aa 1-61; Figure 3G ) or full-length PIH1 impaired H4 binding in vitro and in HEK293T cells ( Figure 3H , top and bottom panels). rRNA activation via Brg1 is PIH1/H4K16 dependent A ChIP assay of cells expressing FLAG-PIH1 or PIH1 mutants showed that neither the F54A mutant of PIH1 (detected by anti-FLAG antibody) nor SNF5 and Brg1 could occupy the core promoter ( Figure 3I ). This result suggests that the lack of PIH1/H4 association prohibits further targeting of SNF5 and Brg1 to the core promoter of rRNA genes. Most importantly, functional assays with the PIH1 F54A mutant, either alone or in combination with C55A, demonstrate a non-induced pre-rRNA synthesis at approximately the levels in the control cells ( Figure 3J ). PIH1-dependent glucose-mediated occupancy of histone marks at the core promoter of rRNA genes
We first examined the impact of glucose (0, 1, and 4.5 g/L) on the occupancy of histone marks at rRNA genes. ChIP assays revealed that while glucose-responsive H4 histone marks occupied the core promoter, other regions of the rRNA genes were insensitive to glucose fluctuations ( Figure 4A ). Under conditions of glucose starvation, while the levels of acetylated K5, K8, and K12 were low, the level of K16ac was particularly high ( Figure 4A , open bars), which was reduced to the basal level at the core region under high glucose conditions (slashed bars). Interestingly, in PIH1-knockdown cells, the acetylation profile at the core promoter was similar to that of the UCE promoter ( Figure 4B vs A) and comparable to the DNase I-sensitivity analysis ( Figure 2A) . Similar to H4K5, H4K8, and H4K12, the levels of H3K9ac and H3K4me2 were both elevated under high glucose conditions, but were reduced to basal levels under glucose starvation. In contrast, the repressive marks H3K9me2/3 ( Figure 4C ) were in agreement with H4K16ac ( Figure 4A ), indicating that H4K16ac is a repressive mark on rRNA genes. H3K4me3 was the only mark that was not responsive to glucose. PIH1 knockdown minimized all of the glucose-responsive changes of the histone marks at the core region and maintained them at the same levels as during glucose starvation ( Figure 4D ) with the exception of H3K4me2, which is possibly regulated by Spindlin 1 (Wang et al., 2011) . These findings further suggest that PIH1 is a dominant factor in the glucose-mediated regulation of histone marks and the chromatin remodeling of rRNA genes via its targeting to the core promoter. PIH1 is critical for the glucose-mediated activation of rRNA genes
The occupancy of PIH1, SNF5, and Brg1 was examined by ChIP assays, with hBrm serving as a control for rRNA genes under glucose fluctuation ( Figure 5A ). Unlike PIH1, SNF5, and Brg1 were maintained at a minimal level throughout the rRNA genes, irrespective of glucose concentration. However, all three factors increased by several-fold at high glucose levels and were only limited to the core region ( Figure 5A ). While pre-rRNA levels increased with the elevation of glucose, the knockdown of PIH1, SNF5, or Brg1 neutralized the glucose-mediated increase of pre-rRNA levels to the basal levels of starvation ( Figure 5B) . These results suggest that all three factors are indispensable in the response of pre-rRNA to glucose and the maintenance of efficient rRNA synthesis. Because Brg1 is the final target recruited by PIH1 via SNF5 ( Figure 2H) , it may be an executor to elicit chromatinremodeling and facilitates rRNA gene transcription regulated by PIH1 during glucose fluctuations. ChIP/reChIP assays also showed that PIH1 was indeed the dominant factor that, via recruitment of SNF5 and Brg1 at the core promoter, regulates the glucose response of rRNA genes ( Figure 5C ).
In the context of the pre-initiation complex of pre-rRNA transcription, we examined the recruitment of RNA polymerase I and the related transcription factors Rrn3 and TAF I C to the promoter of rRNA genes ( Figure 5D -F) . ChIP data revealed that the three factors were efficiently recruited to the core promoter at high glucose levels and were clearly decreased upon glucose depletion. The knockdown of PIH1 minimized glucose-mediated Figure 4 PIH1 enhances the glucose-dependent occupancy of histone marks on rRNA genes. (A) Impact of glucose on the occupancy of H4K5ac, H4K8ac, H4K12ac, and H4K16ac in the UCE, Core, 28S, and IGS regions of rRNA genes. The cells were grown in medium supplemented with 0, 1, or 4.5 g/L of glucose. The occupancy of histone H4 marks only fluctuates at the core promoter. ChIP assays were performed and annotations are as described for Figure 2E. (B) PIH1 knockdown by siPIH1 eliminated the impact of glucose on acetylated H4K5, H4K8, H4K12, and H4K16 at the core promoter of rRNA genes. siPIH1 was transfected into HEK293T cells. ChIP assays were performed as described above. (C) Impact of glucose on the occupancy of H3K9ac, H3K9me, and H3K4me at the core promoter of rRNA genes. Annotations are as described for A and Figure 2D . (D) PIH1 knockdown (siPIH1) minimized the impact of glucose on H3K9 and H3K4me3 but not on H3K4me2 at the rRNA promoter. Annotations are as described in C.
occupancy of the three factors at the core promoter and neutralized their responsiveness to the increasing levels of glucose ( Figure 5D-F) . ChIP/reChIP data also showed that the glucose-mediated Pol I occupancy at the core promoter is PIH1-dependent and was similar to the profile of PIH1 occupancy change under glucose fluctuations ( Figure 5G vs A) . Similar to the effect of PIH1 on pre-rRNA levels ( Figure 3J) , the F54A mutant of PIH1 was unresponsive to increased glucose and remained at a constantly low level of pre-rRNA synthesis ( Figure 5H ). These data suggest that PIH1 associated with histone H4 at the core promoter is indispensable for recruiting SNF5/Brg1 to provide a chromatin platform for Pol I occupancy and pre-rRNA synthesis in response to glucose fluctuation in the medium. Therefore, PIH1 is critical for the glucose-dependent activation of rRNA genes in human cells.
We next performed assays to assess the accessibility of the restriction endonuclease HaeIII and showed that the knockdown of PIH1, SNF5, and Brg1 blocked HaeIII digestion of rRNA genes in the presence of glucose ( Figure 6A) , indicating an open conformation at the core promoter of rRNA genes in the presence of PIH1/ SNF5/Brg1. A schematic representing the key role of PIH1 in glucose-dependent chromatin remodeling at the core promoter of rRNA genes is shown in Figure 6B .
Discussion
Mammalian cell growth correlates with the synthesis of proteins in vivo, which is in turn controlled largely by the transcription of rRNA genes to maintain an appropriate level of ribosome biosynthesis. Here, we have demonstrated that PIH1 promotes the transcription initiation of rRNA genes in an in vivo nuclear run-on assay and it determines the glucose-dependent Pol I-directed pre-rRNA transcription in human HEK293T cells, which indicates that PIH1 is a positive regulator in the transcription of , and Brg1 fluctuated only at the core promoter but not at the UCE, 28S, and IGS regions of rRNA genes. ChIP assays were performed as described in Figure 4A . hBrm served as a recruiting control, and IgG served as a negative control. (B) Effect of PIH1, SNF5 or Brg1 knockdown on glucose-mediated pre-rRNA synthesis. Cells were transfected with the indicated siRNA. Pre-rRNA levels were quantitated by RT-qPCR as described for Figure 1E . (C) ChIP/reChIP assay. Aliquots of cells transfected with FLAG-PIH1 were grown in various concentrations of glucose as described for Figure 4A . Each aliquot was first ChIPed with anti-FLAG (PIH1), and the ChIPed fractions were further reChIPed with antibodies against SNF5 and Brg1. The anti-IgG antibody reChIP is shown as a negative control. (D-F) The roles of PIH1 in the occupancy of Pol I, Rrn3, and TAF I C at the core promoter of rRNA genes. An empty vector (Mock) and an siRNA specific for PIH1 were transfected into HEK293T cells. Cell treatments were as described for Figure 4A . The occupancy of each factor in PIH1-knockdown and mock cells was examined in pairs. Similar profiles were found in the three experiments, indicating that Pol I (D), Rrn3 (E), and TAF I C (F) occupancy declined with decreasing glucose concentrations were maintained at a minimal level and remained constant and unresponsive to glucose levels in PIH1-knockdown cells. (G) ChIP/reChIP assays showed that the reChIP of Pol I from PIH1 ChIPed fractions were indeed PIH1 dependent and reduced to the minimum level when the cells were under glucose starvation. Annotations are as described in 5C. (H) The impact of PIH1 and its mutants on glucose-dependent pre-rRNA synthesis. The cells were treated as described for Figures 3I and J, and 4A and B. The F54A mutation significantly reduced PIH1-mediated pre-rRNA synthesis to a minimal level and eliminated the PIH1-dependent response to glucose fluctuations. rRNA activation via Brg1 is PIH1/H4K16 dependent rRNA genes.
Our ChIP data reveal that both the core promoter and the UCE are DNase I-sensitive regions in rRNA genes. However, PIH1 associates with and regulates only the core promoter, which not only is involved in accurate transcription initiation but also responds to external glucose fluctuations. In contrast, the UCE, although occupied by UBF (Supplementary Figure S3) , responds neither to fluctuations in glucose levels nor to the knockdown of PIH1 in our system.
To verify the role of PIH1 in Pol I-directed transcription of rRNA genes, we further determined the occupancy of Pol I, TAF I C (TAF I 110/95), and hRrn3 at the core promoter in ChIP assays. TAF I C is the largest subunit of the human selectivity factor 1 complex, which is an 300-kDa complex of TBP-associated factors. Rrn3 is a Pol I-associated factor that is recruited by the SL1 complex via TAF I B (TAF I 63/68) for Pol I pre-initiation complex assembly (Miller et al., 2001; Russell and Zomerdijk, 2005) . Our results show that Pol I and the other two factors examined are efficiently recruited to the core promoter under high glucose conditions. Most importantly, their sensitivities toward glucose fluctuations are severely impaired in PIH1-knockdown cells. ChIP/reChIP data further indicate that the binding of Pol I at the core promoter and the recruitment of SNF5/Brg1 are both PIH1-dependent activities.
The interaction between PIH1 and H4 is a pivotal event in the regulation of rRNA genes. We have demonstrated that mutation of phenylalanine 54 of PIH1, as in PIH1-F54A, abolishes H4 binding and eliminates PIH1-mediated pre-rRNA synthesis. Furthermore, this mutant of PIH1 is unable to occupy the core promoter and cannot mediate the glucose responsiveness of rRNA genes. These data suggest that H4 plays a critical role in the loading of PIH1 to an appropriate core promoter position of an rRNA gene.
The PIH1-dependent DNase I-sensitivity at the core promoter prompted us to further examine the role of PIH1 in chromatin remodeling on rRNA genes. We have demonstrated that PIH1 recognizes wild-type histone H4 dominantly via H4K16, and its knockdown specifically enhances the acetylation of H4K16 accompanied by the occupancy of TIP5 at the core promoter of rRNA genes (Supplementary Figure S4) . H4K16ac -recognized by TIP5 at the Pol I promoter represses pre-rRNA genes through a NoRC-dependent chromatin-silencing mechanism (Strohner et al., 2001; Zhou and Grummt, 2005) , which is critical to decreasing energy expenditure and protecting cells from apoptosis during energy deprivation (Grummt and Ladurner, 2008) . In contrast, our findings suggest that certain histone deacetylase(s), such as SIRT1 or SIRT7, may be co-recruited with PIH1 to the core promoter (Ford et al., 2006; Vaquero et al., 2007) , which may ensure PIH1 binding at non-acetylated H4K16 at the expense of TIP5 binding and enhance the transcription of rRNA genes, particularly in response to an increased glucose level in the culture medium. The above findings imply that PIH1 binds H4K16, may compete with TIP5 to expel the silencing NoRC from acetylated H4K16, and provides a de-repressed environment at the core promoter to facilitate pre-rRNA synthesis. In addition, PIH1 recruits the Brg1 complex to the core promoter via SNF5, which may provide an open chromatin conformation and sensitivity to DNase I treatment at the core promoter. These events suggest that PIH1 has dual effects on the chromatin remodeling of rRNA genes and that the acetylation state of H4K16 is critical and functions as a fine-tuning mechanism for silencing or activating rRNA genes.
Furthermore, it has been reported that TTF-I can either activate or silence rDNA repeats by recruiting distinct ATP-dependent chromatin-remodeling complexes (Yuan et al., 2007) . An early report suggested that TTF-I recognizes T 0 and recruits ATP-dependent chromatin remodeling, thereby counteracting repressive chromatin structure at rRNA genes and facilitating Pol I transcription, for which the SWI/SNF complex is a candidate (Langst et al., 1997) . However, our data indicate that TTF-I interacts only with TIP5, a subunit of the silencing NoRC complex (Strohner et al., 2001; Zhou et al., 2002) . PIH1 does not interact with TIP5 or TTF-I (Supplementary Figure S5) ; in contrast, it counteracts the role of TIP5 in NoRC, recruits the Brg1 chromatinremodeling complex, and facilitates the activation of rRNA genes in HEK293T cells. (2)) set to 1 (100%). Sensitivity to HaeIII digestion augmented with the increasing glucose that resulted in a reduction of PCR products from P1 to P2 (top panel) and a 'decreased resistance' (bottom panel, bars in Mock(+)) and with non-occupied sihBrm. (B) A schematic representation of the role of PIH1 in glucose-dependent rRNA synthesis.
In summary, PIH1 specifically associates with H4 at the core promoter of rRNA genes and enhances the glucose-dependent occupancy of SNF/Brg1, facilitating the Pol I-directed activation of rRNA genes. PIH1 recognizes histone H4 via H4K16 at the core promoter, competes with TIP5 in NoRC-mediated silencing, and enhances pre-rRNA transcription in cells recovering from glucose starvation.
Materials and methods

Antibodies
Anti-acetyl-histone H3K9 (H3K9ac), anti-acetyl-histone H4K5 (H4K5ac), anti-acetyl-histone H4K8 (H4K8ac), anti-acetyl-histone H4K12 (H4K12ac), anti-acetyl-histone H4K16 (H4K16ac), anti-dimethyl-histone H3K4 (H3K4me2), anti-trimethyl-histone H3K4 (H3K4me3), anti-dimethyl-histone H3K9 (H3K9me2), and anti-trimethyl-histone H3K9 (H3K9me3) antibodies were purchased from Upstate Biotech. Anti-PIH1 and anti-TIP5 antibodies were from Abcam. Anti-FLAG antibody and anti-FLAG M2 Affinity were from Sigma. Anti-GST, anti-c-Myc, anti-hSNF5/Ini1, anti-Brg1, anti-hBrm, anti-Pol I, anti-Rrn3, anti-TAF I C and anti-hUBF antibodies were purchased from Santa Cruz Biotech. The anti-TTF-I antibody was from Bethyl Laboratories, Inc. The anti-GAPDH antibody was from Chemicon. Quantitative RT-PCR for pre-rRNA synthesis Quantitative RT-PCR (RT-qPCR) was performed as previously described (Li et al., 2007; Wu et al., 2009) . The relative expression of pre-rRNA was normalized to b-actin using the comparative CT method, according to the manufacturer's instructions (Roter-Gene RG-3000A Real-Time PCR System; Corbett Research). Specific primers for pre-rRNA (forward:
and b-actin (forward: 5 ′ -ATCGTCCACCGCAAATGCTTCTA-3 ′ ;
reverse: 5 ′ -AGCCATGCCAATCTCATCTTGTT-3 ′ ) were used for PCR amplification (Murayama et al., 2008) . Experiments were repeated at least three times with statistical analysis for individual experimental sets. All values were expressed as mean + SD. ChIP and quantitative PCR assays ChIP assays were performed as previously described (Li et al., 2007; Wu et al., 2009) . Primers used for amplifying the rRNA promoter were as follows: UCE: forward: 5 ′ -CGCGTGTGTC CTTGGGTT-3 ′ ; reverse: 5 ′ -AAAATATCAGACCTCGGAGCTA-3 ′ ; Core promoter: forward 5 ′ -GGTATATCTTTCGCTCCGAG-3 ′ ; reverse:
The percentage of ChIPed DNA relative to the input was calculated and is shown as mean + SD from three independent experiments (Murayama et al., 2008) . For ChIP/reChIP assays (Zhang et al., 2010) , HEK293T cells were first transiently transfected with FLAG-tagged PIH1 expression plasmids prior to further glucose treatment. Chromatin fragments from sonicated cells were immunoprecipitated on an anti-FLAG M2 affinity gel (F1). The crosslinks were reversed in aliquots of F1 chromatin fragments to obtain DNA for qPCR assays or saved for re-immunoprecipitation by a second antibody against SNF5 or Brg1 in reChIP assays (F2). DNA extracted from reChIPed chromatin fragments was amplified with the following primers: forward 5 ′ -GGTATATCTTTCGCTCCGAG-3 ′ ; reverse:
Histone H4 peptide pull-down assay Three biotinylated peptides corresponding to the N-terminus (aa 1-23) of histone H4 were designed and synthesized as previously described (Wysocka, 2006) and acetylated at lysine 16 or 12 (H4K16ac and H4K12ac, respectively), and unmodified H4 served as a negative control. Biotinylated peptides were pre-bound to immobilized streptavidin-agarose beads (Upstate). Aliquots (20 ml) of the beads were washed three times in phosphate buffered saline (PBS)/0.1% Triton X-100, and 20 mg of peptide (resuspended in water) was added. Reactions were incubated overnight at 48C with rotation, and the streptavidin resin was separated from the unbound peptide by washing three times with PBS/0.1% Triton X-100. The streptavidin-bound peptides were resuspended in PBS to prepare a 50% slurry, and sodium azide was added to a final concentration of 0.1% for long-term storage. For each peptide, 40 ml of the 50% peptide-bound slurry was added to a fresh tube and washed twice with buffer A (Zhou and Grummt, 2005 ; 20 mM Tris -HCl, pH 7.9, 5 mM MgCl 2 , 0.1 mM EDTA, 10% glycerol, 0.5 mM DTT and 100 mM KCl). Next, 10 mg of GST-PIH1, FLAG-TIP5 (aa 2065-2162), GST alone, PIH1-F/A, PIH1-C/A, or PIH1-F/A+C/A was added to each streptavidin-bound peptide. The reactions were incubated with rotation overnight at 48C. The beads were washed three times with buffer A/300 mM KCl/0.2% Triton X-100. Then, loading buffer was added, and the beads were boiled at 1008C for 5 min and analyzed by SDS-PAGE.
To examine the competitive binding of PIH1 and TIP5 (aa 2065-2162), 4 mg of FLAG-TIP5 was added to the streptavidin-bound H4K16ac-(N1 -23) peptide, and the reactions were incubated with rotation for 2 h at 48C. Next, 0, 1, 2, 3, or 4 mg of GST-PIH1 was added, and the reactions were incubated with rotation overnight at 48C. The beads were washed three times with buffer A, to which 200 mM KCl and 0.4% Triton X-100 were added; subsequently, loading buffer was added, and the beads were boiled at 1008C for 5 min and analyzed by SDS-PAGE. Nuclear run-on analysis A total of 1 × 10 7 HEK239T cells transfected with pCDNA6 vector or pCDNA6-PIH1 were harvested by centrifugation, washed with PBS, and resuspended in hypotonic lysis buffer (HLB) (10 mM Tris, pH 7.5, 10 mM NaCl, and 2.5 mM MgCl 2 ) and 0.5% NP-40. After incubation on ice (5 min), nuclei were pelleted through a cushion of HLB/0.5% NP-40/10% sucrose. Nuclei were resuspended in an equal volume of transcription buffer (40 mM Tris, pH 7.9, 0.3 M NaCl, 10 mM MgCl 2 , 40% glycerol and 2 mM DTT). RNA transcripts were labeled with 100 mCi [a-32 P]-UTP (3000 Ci/mmol) in a total volume of 200 ml containing 250 mM each of ATP, GTP, and CTP. Transcription reactions were incubated at 378C for 15 min and terminated by centrifugation for 30 sec (Espada et al., 2007) . RNA was extracted by the addition of 1 ml of TRIzol reagent followed by isopropanol precipitation and was resuspended in a Super hybridization buffer (TIANDZ, 80915B-100). Samples of dsDNA fragments were generated by PCR from rRNA and actin genes, denatured and loaded on Hybound-N+ (Amersham) membranes in a slot blot apparatus.
A total of 10 mg of DNA was applied to each slot. Labeled RNA was added (50 ml; 2 × 10 6 -5 × 10 6 cpm per sample), and membranes were incubated at 428C for 24 h in a rotary incubator. Membranes were washed twice at room temperature and three times at 658C with 2× saline-sodium citrate (SSC)/0.1% sodium dodecyl sulphate (SDS), and autoradiography was performed at 2808C. Experiments were repeated at least twice. For quantification, each hybridized slot-blotted-Hybound-N+ membrane was trimmed and soaked in 1 ml of liquid scintillation cocktail and aliquoted for counting in triplicate on a microBeta Trilux LSC and Luminescence Counter (Perkin Elmer). Data from each PIH1-transfected sample was calculated relative to its own vector control, normalized to actin and set to 1. The data obtained were statistically analyzed and expressed as mean + SD for the relative initiation of transcription.
The 240-bp dsDNA fragments generated by PCR were amplified with primer pairs as detailed below: 5 ′ -ETS (bp 1-240) 5 Restriction endonuclease accessibility assay HEK293T cells were transiently transfected with empty vector, siSNF5, siPIH1, sihBrm, or siBrg1. A total of 1 × 10 7 cells were washed twice with PBS and once with nuclear extract buffer (20 mM HEPES, pH 7.9, 50 mM KCl, and 0.5% NP-40) and incubated on ice for 30 min. Nuclei were pelleted at 3000 rpm for 2 min at 48C, resuspended in restriction enzyme buffer (Takara), combined with 15 U of HaeIII (Takara), and incubated at 378C for 15 min. DNA was extracted for qPCR using the following primers: forward: 5 ′ -GGTATATCTTTCGCTCCGAG-3 ′ (246/227); reverse: 5 ′ -CGACAGGTCGCCAGAGGA-3 ′ (+13/+32).
DNase I-sensitivity assay HEK293T cells were transiently transfected with empty vector or siPIH1. A total of 1 × 10 7 cells were washed twice with PBS, and nuclei were extracted as described above and digested with DNase I (ranging from 0 to 80 U/ml) on ice for 10 min. DNase I digestion was terminated with Stop Buffer (M6101; Promega) at 658C for 10 min. Nuclei were then digested with 50 mg/ml RNase A at 378C for 60 min and with 50 mg/ml proteinase K at 508C overnight. Genomic DNA was purified by phenol/chloroform extraction and ethanol precipitation (Xiao and Casero, 1996; Liu et al., 2003) . Aliquots of 10 mg of DNA were digested to completion with restriction enzymes (DraI/KpnI) and were purified for qPCR using primers as described for ChIP and quantitative PCR assays.
GST pull-down assay
The GST-PIH1 fusion protein was expressed in Escherichia coli BL21(DE3) and purified on glutathione-Sepharose. FLAG-tagged histone H4 and H3 were expressed in HEK293T cells and purified by affinity chromatography with anti-FLAG M2 (Sigma), which recognizes the FLAG epitope.
GST and GST-PIH1 were bound to glutathione-Sepharose, and 10 ml of packed beads containing 5 mg of GST or GST-PIH1 fusion protein was incubated with 500 mg of whole cell extracts from HEK293T cells transfected with Myc-SNF5 in RIPA buffer. After an overnight incubation at 48C, beads were washed three times, and bound proteins were analyzed by western blotting. FLAG-tagged recombinant proteins were immobilized on M2-agarose, and control beads were saturated with the FLAG peptide. The beads were incubated at 48C overnight in RIPA buffer. After incubation, the beads were washed three times, and bound proteins were analyzed by western blot.
Immunoprecipitation and immunoblot analyses
Co-immunoprecipitation (Co-IP) analyses were performed with 500 mg of proteins incubated with specific antibodies for 2 h at 48C. In total, 20 ml of Protein A (or G)-agarose was added and incubated at 48C overnight. Pellets were washed with RIPA buffer followed by the addition of 40 ml of 1× Laemmli buffer, and the samples were resuspended and boiled. Samples were separated by SDS-PAGE and analyzed by western blotting sequentially with individual antibodies (Wu et al., 2003) .
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